Aims. We study iPTF14hls, a luminous and extraordinary long-lived Type II supernova, which lately has attracted much attention and disparate interpretation. Methods. We present new optical photometry that extends the light curves until more than 3 yr past discovery. We also obtained optical spectroscopy over this period, and furthermore present additional space-based observations using Swift and HST. Results. After an almost constant luminosity for hundreds of days, the later light curve of iPTF14hls finally fades and then displays a dramatic drop after about 1000 d, but the supernova is still visible at the latest epochs presented. The spectra have finally turned nebular, and the very last optical spectrum likely displays signatures from the deep and dense interior of the explosion. The highresolution HST image highlights the complex environment of the explosion in this low-luminosity galaxy. Conclusions. We provide a large number of additional late-time observations of iPTF14hls, which are (and will continue to be) used to assess the many different interpretations for this intriguing object. In particular, the very late (+1000 d) steep decline of the optical light curve, the lack of very strong X-ray emission, and the emergence of intermediate-width emission lines including of [S II] that likely originate from dense, processed material in the core of the supernova ejecta, are all key observational tests for existing and future models.
Introduction
iPTF14hls is an extraordinary supernova (SN). This Type II supernova (SN II) was discovered and reported by Arcavi et al. (2017, hereafter A17) as having a luminous and long-lived (600+ d) light curve (LC) showing at least five episodes of rebrightening. The spectra were similar to those of other hydrogenrich supernovae (SNe), but evolved at a much slower pace. A17 described a scenario where this could be the explosion of a very massive star that ejected a huge amount of mass prior to explosion. They connected such an eruption with the pulsational pairinstability mechanism, but remained cautious regarding the final interpretation of this highly unusual transient.
Following the report of A17, a number of researchers quickly offered their interpretations of this object. Chugai (2018) added to the interpretation of A17 and generally agreed on the massive ejection scenario, while Andrews & Smith (2018) used a latetime spectrum with a narrow emission line to argue for interaction with the circumstellar medium (CSM) as the source for the multiple rebrightenings in the LC. Dessart (2018) instead suggested a magnetar as the powering mechanism, whereas Soker & Gilkis (2018) prefer a common-envelope jet. Wang et al. (2018) propose a fall-back accretion model for iPTF14hls and Woosley (2018) discuss pros and cons of several of the above-mentioned models. This selection of interpretations for iPTF14hls clearly Figure 1 Late-time gri composite of SN iPTF14hls taken using the NOT on 17 October 2017, which is 1083 rest-frame days past discovery. Marked by an arrow is the clearly visible SN in the host galaxy. North is up and east to the left. The field of view is ∼ 2. 53 × 2. 33.
includes quite a large variety of models. More data could thus help to differentiate between these scenarios.
In this paper, we present a comprehensive set of additional late-time observations for iPTF14hls. This extends the optical LC monitoring up to more than 3 yr (1236 d in the rest frame) past discovery, which doubles the duration of the LC previously discussed. Additional late-time spectroscopy from a number of larger telescopes reveal how iPTF14hls finally enters the nebular phase. In addition to the ground-based data, we have also triggered the Neil Gehrels Swift Observatory (Swift, Gehrels et al. 2004 ) and the Hubble Space Telescope (HST), and we describe these data here.
The paper is structured as follows. In Sect. 2, the new ground-based optical SN imaging observations and the corresponding data reductions are presented, whereas in Sect. 3 we describe the Swift and HST observations. The LCs in the different bands are presented and analyzed in conjunction with the data already presented by A17 in Sect. 4, and in Sect. 5 we present the new series of SN spectra. A discussion of the results, in relation to many of the suggested models in the literature, is given in Sect. 6. Our conclusions are summarised in Sect. 7.
We follow A17 and adopt a redshift of z = 0.0344, corresponding to a luminosity distance of 156 Mpc. We correct all photometry for Milky Way extinction (E(B −V ) = 0.014 mag), but make no correction for host-galaxy extinction, since we do not detect any narrow Na I D at the host-galaxy rest wavelength in the spectra.
Ground-based imaging observations and data reduction
A17 presented the optical LCs of iPTF14hls from discovery to 600 d past discovery. Their photometry came from the intermediate Palomar Transient Factory (iPTF) and the Las Cumbres Observatory (LCO), and we here report on the continued monitoring of iPTF14hls with these telescopes, as well as with a few additional telescopes at later epochs. In total we present data from discovery until almost 1300 d past discovery. The iPTF first detected iPTF14hls on 2014 September 22.53 UT (universal time is used throughout this paper), using the 48-inch Samuel Oschin telescope (P48) at Palomar Observatory. This is equivalent to JD 2,456,923.03, which we use as the reference date throughout the paper. Follow-up observations of iPTF14hls on Palomar mountain were obtained with the Palomar 60-inch telescope (P60; Cenko et al. 2006) . Data using P48 and P60 for the first 600 d were reported by A17 and are also included in our LC figures. Past 600 d the object was too faint for P48, but we continued monitoring iPTF14hls with P60 in gri. The SN was detected for the last time with P60 at 875 d. While the earlier P60 data were obtained with the GRBcam, our new P60 data were taken with the SEDM rainbow camera (Blagorodnova et al. 2018) . The P60 data were reduced with FPipe (Fremling et al. 2016) , making use of Sloan Digital Sky Survey (SDSS; Ahn et al. 2014) templates for the host-galaxy subtraction. SDSS stars in the field of iPTF14hls were used as standards to calibrate the P60 photometry.
Much of the photometry in A17 came from the LCO monitoring campaign, which we also continued past 600 d. iPTF14hls was observed with both the 1 m and 2 m telescopes available at LCO, equipped with BgV ri filters. The SN was detected for the last time with the LCO-2 m telescope at 982 d. The LCO photometry was reduced using the LCO pipeline (Valenti et al. 2016 ) which includes point-spread-function (PSF) photometry and modeling of the host background.
Finally, as the SN continued to fade, and the smaller telescopes were no longer able to detect a significant signal, we obtained imaging with the 2.56 m Nordic Optical Telescope (NOT) using ALFOSC (Andalucia Faint Object Spectrograph and Camera) as well as with the 3.5 m Telescopio Nazionale Galileo (TNG) equipped with DOLORES (Device Optimised for the LOw RESolution), situated next to each other on La Palma. The photometry from NOT and TNG was also reduced with FPipe, using templates and photometric reference stars from SDSS. In Fig. 1 , we present a late-time image of the SN and its host galaxy obtained at the NOT. A log of all the late-time photometric observations is given in Table 1 , and the LCs are presented in Fig. 2. 
Space-based observations
We applied for time to image SN iPTF14hls with HST in order to investigate the low-luminosity host in detail and the immediate environment of iPTF14hls in particular. We were awarded one orbit in Cycle 25
1 . The main motivation to trigger Swift at late epochs was the different scenarios put forward suggesting the existence of a massive CSM shell around the SN. CSM interaction can be efficiently probed by radio or X-ray observations.
HST
HST imaging of iPTF14hls was performed in two filters, F475W and F625W, using the Wide Field Camera 3 (WFC3) and UVIS2. The images were obtained on 2017 December 20, using a 3-point dither pattern and a total exposure time of 1185 s in each of the Absolute r/R-band magnitude S S S S S S S S Figure 2 Photometric observations of iPTF14hls. The data from the first 600 d, to the left of the vertical dashed line, are from A17. We have used the same telescopes for the continued monitoring, as well as NOT, TNG, and HST for the latest epochs. The vertical bars on top of the plot indicate epochs of spectroscopic observations, and the "S" symbols in the bottom part indicate the epochs of Swift observations. Each light curve was fit with a combination of two tension splines (dashed coloured lines) to provide a continuous representation of the data. On the right-hand ordinate we report the absolute magnitude for the r/R band. To obtain the absolute magnitudes for the BgV i bands, their apparent magnitudes must be shifted by −36.024 mag, −36.019 mag, −36.010 mag, and −35.993 mag, respectively.
two filters. The images were immediately made public and are available in the STSCI archive. We retrieved the calibrated, geometrically-corrected, dithercombined image files from the archive and the combined image is displayed in Fig. 3 .
Using the exact position as measured in the HST images, we obtain a higher accuracy astrometric position for iPTF14hls. The best-fit position (J2000.0) is RA = 09 h 20 m 34.274 s , Dec = +50 d 41'46.814". The centroid of the object was extracted using SEP (Barbary et al. (2017) ) and pixel coordinates were converted to RA and dec using the WCS module of Astropy (Astropy Collaboration et al. (2018) ). If future high-resolution images of the host galaxy are obtained, this position can be useful for studies of the environment of the SN explosion. A17 characterised the host as a moderately metal-poor galaxy having mass comparable to that of the Small Magellanic Cloud (SMC). The physical extent of the host, as measured in the HST images, is ∼ 9.2 × 1.0 kpc 2 , which is roughly consistent with the size of SMC.
Photometry of iPTF14hls in the HST images was performed with Dolphot (see Dolphin 2000) , using the standard parameters suggested in the documentation of its WFC3 module. This includes charge-transfer efficiency (CTE) corrections. We measured the Vega-magnitudes as 22.549 ± 0.009 mag in F475W and 22.407 ± 0.010 mag in F625W. The F475W/F625W filters are similar (but not identical) to the Sloan g/r filters used for the P60 telescope, with transformations typically being of order 0.1 mag. These observations were taken at a phase of 1185 d from discovery (which corresponds to 1146 d in the rest frame). A small part of the uncertainty arises from the background sky level, but the photometric uncertainty is dominated by Poisson noise from the object, and the transformation by the exact filter profile as compared to the Hα emission line.
Swift
A first epoch of Swift data was taken in May 2015 and it resulted in x-ray upper limits already discussed by A17. Swift was further triggered on seven additional occasions between June 2017 and February 2018; see Table 2 2 . The epochs of Swift observations are also indicated in Fig. 2 .
Here, we discuss the observations at the location of iPTF14hls with the onboard X-Ray Telescope (XRT; Burrows et al. 2005) . Following A17, we use online analysis tools (Evans et al. 2009 ) to search for X-ray emission at the location of iPTF14hls.
We did not detect any source. The 90% upper limit on the 0.3-10.0 keV count rate for each epoch is reported in Table 2 . Combining the three latest, almost contemporary, epochs taken on February 2018 amounts to a total XRT exposure time of 11,855 s (3.3 hr), and an upper limit of 4.9 × 10 −4 counts per second. If we assume a power-law spectrum with a photon index of Γ = 2 and a Galactic hydrogen column density of 1.4 × 10 20 cm −2 , this would correspond to an upper limit on the unabsorbed 0.3-10.0 keV flux of 1.8 × 10 −14 erg cm −2 s −1 . At the luminosity distance of iPTF14hls this corresponds to a luminosity limit of L X < 5.3 × 10 40 erg s −1 , at an epoch of ∼ 1194 rest-frame days since discovery. The X-ray limits are further discussed in Sect. 6.5.1. Figure 2 shows all the optical LCs, fit by tension splines to guide the eye and give a continuous representation of the data. A17 obtained their last photometric epochs at around 615 rest-frame days (the rest frame is used from now on unless otherwise specified), when iPTF14hls had an r-band magnitude of ∼ 18.5. A decline occurred in the following months while the SN was behind the Sun. We recovered iPTF14hls at 713 d at r ≈ 19.1 mag, which corresponds to a decline of 0.6 mag in 100 d. The SN was also recovered in the B, g, V , and i bands, with similar drops in brightness (Fig. 2) .
Light curves
The V , r, and i bands then continued to decline until about 800 d, whereafter they settled on a fairly constant value (V and r) or they declined more slowly (i band). A similar behaviour is shown by the B and g LCs, although these LCs are more scattered. After about 950 d, follow-up observations were interrupted for about 100 d, and then all the LCs (g, r, i) were re- Figure 3 HST F475W and F625W composite image. The HST images of iPTF14hls and its host galaxy were obtained using the WFC3 on 20 December 2017, or 1185 rest-frame days past discovery. One arcsecond corresponds to 720 pc. We have marked with an arrow the SN itself, which is clearly seen. Also, a nearby H II region can be discerned. Figure 5 iPTF14hls bolometric LC. Before 700 d, we use the BB fit to the SEDs to compute the luminosity. After 700 d, when the spectra can no longer be approximated by BBs, we use bolometric corrections obtained from the spectra, which we add to the r band to compute the pseudo-bolometric LC. The solid black line is the bolometric LC obtained from the spline-interpolated photometry -that is, from the dashed curves in Fig. 2 . To highlight the scatter in the actual observed photometry, which dominates the uncertainty in the bolometric LC, we also apply the bolometric corrections to the observed individual r-band data points, and show the result with red circles. We assume that at early epochs, when only the r band was observed, the bolometric correction is constant and equal to the one computed from the BB fit to the SED at 133 rest-frame days, when the g and i bands also were observed. For epochs later than 1170 d, we assume the bolometric correction is constant and equal to that computed from the last spectrum. We also show a PL (dashed red line) with n = −5/3 fitting the epochs between 470 and 620 d. The PL does not reproduce the luminosity at later epochs. If we instead scale the PL to fit the epochs between 700 and 950 d, it is still not in accordance with the fast decline after 950 d. We also report the 56 Co power input (black dashed line), which would require an unfeasible amount of nickel to power the +950 d decline. The magnetar energy input (blue dashed line) from Dessart (2018) roughly reproduces the LC decline until 950 d, but not the following sharp decline. latest epochs after 1080 d, M r ranges between −14.5 mag and −12.7 mag.
The colour evolution of iPTF14hls is shown in Fig. 4 . During the first 600 d, g − r slowly evolves toward redder values. After this date the trend is reversed and the colour initiates a quick evolution toward bluer values, reaching ∼ −0.25 mag. After 1000 d it may again evolve to slightly redder colours. The r − i colour moves blueward over the first 600 d, and thereafter moves slowly toward the red (Fig. 4) .
Using the multiband LCs and the spectra to estimate bolometric corrections, it is possible to compute the bolometric LC of iPTF14hls until late epochs. First we convert the gri magnitudes into specific fluxes at their effective wavelengths, including the correction for extinction. This spectral energy distribution (SED) at each epoch can be fit with a black-body (BB) function, as in A17. The integral of the BB fit to the SEDs times 4πD 2 , where D is the luminosity distance, gives the SN luminosity (see Fig. 5 ). A BB is a reasonable match to the SED until ∼ 700 d, after which the SED deviates from a BB as the emission lines dominate the nebular spectra (see Sect. 5). Until 700 d, the BB fits give an average temperature of 5360±250 K, consistent with the H-recombination temperature, as noted by A17.
To construct the bolometric LC after 700 d, we have to take into account the exact shape of the SED. We compute bolomet-ric corrections for the r-band magnitude using the spectral sequence presented in Sect. 5. We have first obtained an absolute calibration of these spectra by computing the synthetic r-band photometry from the spectra and then scaling the spectra to the measured r-band values. We then integrate the spectra that cover the range between 4000 and 9200Å to get the integrated flux in this optical range. Next, we multiply this flux by 4πD
2 to obtain the luminosity. We convert the luminosity into a pseudobolometric magnitude, and compute the bolometric corrections as the difference between these pseudo-bolometric magnitudes and the observed r-band magnitudes at the epoch of each spectrum. We fit these bolometric corrections with a low-order polynomial between 700 d and 1240 d, and then apply the resulting corrections to the entire late-time r-band LC to obtain the pseudo-bolometric LC between 700 and 1240 d. This is shown in Fig. 5 . This pseudo-bolometric LC from the optical spectra therefore does not include the emission in the ultraviolet (UV) or in the near-Infrared (NIR). However, it matches the bolometric LC at 700 d as obtained from the BB fit, where the UV and NIR flux is included. We thus assume no further corrections to the pseudo-bolometric LC after 700 d, assuming that most of the flux is (still) in the optical.
The bolometric LC computed with the outlined method is shown by a thick solid black line in Fig. 5 . This comes from the photometry obtained from the interpolation of the spline fits shown in Fig. 2 . In order to better illustrate the actual scatter in the observed photometry which dominates the statistical uncertainty in the bolometric LC, we also overplot (red circles) the bolometric LC as derived from the individual observed r-band points to which we applied the bolometric corrections described above (i.e., based on the BB luminosity before 700 d, and on the spectra afterward). This bolometric LC from the r band will be made available on WISeReP.
Spectra
A17 presented a comprehensive dataset of low-resolution optical spectra of iPTF14hls, in total 62 spectra for the first 600 d. They revealed normal SN II spectra, but with an unprecedented slow evolution.
We continued the spectroscopic monitoring and here present an additional 23 spectra covering the period from 713 to 1170 rest-frame days past discovery. These spectra were obtained with a suite of different telescopes and instruments.
Eight of the spectra were obtained with ALFOSC mounted on NOT, whereas the LCO Haleakala (FTN) telescope was equipped with the low-dispersion spectrograph FLOYDS and provided five spectra. Two spectra were obtained with DOLORES mounted on the TNG. From Hawaii we also obtained four spectra with Keck I, equipped with the Low Resolution Imaging Spectrometer (LRIS; Oke et al. 1995) , and four Keck II spectra using DEIMOS. The log of the spectral observations is given in Table 3 . All spectra will be publicly available at WISeREP (Yaron & Gal-Yam 2012) .
Spectral reductions were carried out with standard procedures, including wavelength calibration via lamp spectra, and flux calibration with spectrophotometric standard stars.
The main features of these late-time spectra are still compatible with those of a SN II (see Fig. 6 for line identifications). The most prominent line is Hα. The evolution of the Hα profile is shown in closer detail in Fig. 7 (left-hand panel) . Until 948 d, the line exhibits a P-Cygni profile whose emission part is clearly more pronounced. The absorption minimum of Hα, which becomes hard to identify at epochs later than 948 d, seems to move to lower velocities with time (see Fig. 8 ), from about 5500 km s −1 at ∼ 700 d down to 4000 km s −1 at ∼ 1200 d (where it is more an indication of the blue velocity at zero intensity of the emission component). The Hα emission is rather symmetric for the first 948 d, and there is not much evolution in the line profile despite the 200 d time interval. At 1081 d, the emission profile becomes asymmetric (Fig. 7 , left-hand panel), with the red side suppressed compared to the blue side of the emission line. There is a narrow (unresolved) emission line centered at zero velocity that is seen in the spectra with higher resolution (Keck I and II). This narrow line was also reported by Andrews & Smith (2018) at +1153 d, and we discuss the origin of this line in Sect. 6.5.2.
The emerging asymmetry of Hα at epochs later than ∼ 1000 d seems to be similar to the one showed by [O I] λλ6300, 6364, where the blue component is also stronger than the red one at later phases, whereas at earlier epochs they seem to be equivalent in strength (see Fig. 7, right-hand panel) .
The late-time (> 1000 d) Hα and [O I] λλ6300, 6364 profiles can be fit by a combination of two (three counting the narrow component in the case of Hα) Gaussians as shown by Andrews & Smith (2018) , one for the blue and one for the red side (see Fig. 9 , where we perform this fit to the three Keck spectra). The same is true for the [S II] λλ4069, 4076 line. In the case of the [O I] λλ6300, 6364 blend, in order to properly reproduce the profile we add an extra double-Gaussian component to fit the 6364Å line on the red side of the 6300Å line (fixing their ratio to 1:3).
If we compare the shift with respect to zero velocity of the Gaussian components that reproduce these lines, and their full width at half-maximum intensity (FWHM; Table 4), it seems clear that all three lines are produced at a similar location in the ejecta. To further illustrate this we plot in Fig. 10 these three emission lines in velocity space. The uncertainties in Table 4 are statistical errors on the fit, estimated as the standard deviation of 200 Monte Carlo realisations where the noise of the spectrum was taken into account.
Concerning the different lines of the Ca II NIR triplet and in particular the 8662Å feature, they also seem to show an increasing asymmetry at similar epochs, with the bluer part dominating. The [Ca II] λλ7293, 7324 blend shows the same asymmetry only in the last spectrum.
Discussion
Although several papers quickly came up with a suite of possible powering mechanisms for iPTF14hls, few of these made predictions for the post-600 d evolution. It is therefore not our Figure 6 Late-time (> 700 d) spectral sequence of iPTF14hls. The SN went into the fully nebular phase during this period. Some of the main features are labeled and marked by coloured dashed lines at their rest wavelengths. The rest-frame phases are indicated next to the spectra. The spectra have been offset in flux for clarity. intention to do detailed comparisons with the published models, but we offer a few notes.
Accretion
Wang et al. (2018) put forward a model with erratic fallback accretion onto a compact object to explain the long-lived bumpy LC. With a large number of parameters for their accretion model (and adding a magnetic eruption) they can indeed reproduce the observed LC from A17. However, given that accretion decreases with time, their model should predict a late-time luminosity declining as a power law (PL) with index n (L ∝ t n ), where n = −5/3. Such a decline was already suggested to reproduce the emission after the last bump in the bolometric LC by A17. In Fig. 5 we show that at later epochs this may hold until about 620 d, when the bolometric LC starts declining faster than n = −5/3. Alternatively (Fig. 5) , the late-time emission between 600 and 900 d could be due to accretion. However, the very late-time (> 1000 d) LC is not consistent with accretion. In fact, the best-fit PL to the post-950 d bolometric LC has an index of n = −13.5. We therefore do not favour the accretion scenario.
Radioactivity
The radioactive powering scenario -which is the common one for SNe II -was already ruled out by (for example) A17 and Woosley (2018) . For completeness we mention it here, since the very late-time LC slope is not so different from the decay rate of 56 Co; the LC slope at 1000-1200 days is actually 1.4 mag per 100 days (versus 0.098 mag (100 d) −1 for radioactivity). However, we note here that the actual mass of radioactive 56 Ni that needs to be ejected in the explosion to power that emission at 900-1200 days is 140 M . This could be lowered somewhat by adding 57 Co and 44 Ti (e.g., Fransson & Kozma 1993; Sollerman et al. 2002) , but is anyway clearly an unfeasible suggestion, that would also have made the SN much too bright at peak.
Magnetar
The magnetar model was not favoured by A17 given the high model luminosity at early times required to reproduce the latetime decline, but including diffusion Dessart (2018) mediates this and even gets a too dim early-time LC, which could likely be resolved simply by using a more extended star. The Dessart (2018) magnetar model for iPTF14hls works well in terms of reproducing the spectral evolution the first 600 d. In their model a4pm1, the electron-scattering optical depth scales like τ es ∝ t −2 and is about 1.3 at 600 d. Therefore, the ejecta are still optically thick at 600 d, and Hα will remain optically thick even longer. We observe Hα becoming narrower and asymmetric after 948 d (Sect. 5), when the ejecta are likely optically thin, which is not inconsistent with this scenario.
The magnetar model of Dessart (2018) could also well provide the luminosity for the time span 100-600 d, although not necessarily the undulations. Such undulations are often seen in SNe IIn (e.g., Nyholm et al. 2017 ). There are, however, no explicit predictions by Dessart (2018) about the post-600 d evolution of iPTF14hls.
In Fig. 5 we include an extrapolation of the magnetar model proposed by Dessart (2018) , which clearly does not fall off as observed after 1000 d. Such a steep decline would require either an ad hoc switchoff of the magnetar or at least a very rapid drop in the energy deposition. Perhaps one could envision ways in which a magnetar-powering mechanism undergoes dra- matic changes, for example if the bubble breaks out of the ejecta (Blondin & Chevalier 2017 ), but we emphasise that there is also little change in the late-time spectra. A dramatic breakout, affecting the LC, should likely also be accompanied by a change in the spectral appearance, with more high-ionisation lines and also probably a higher X-ray luminosity (Metzger et al. 2014 ).
Pulsational Pair-Instability Supernova
We estimate the total energy emitted by iPTF14hls between discovery and the last observation (1235 d) to be 3.59 × 10 50 erg, which is ∼ 90% of the energy available in the above-mentioned magnetar model and also easily accommodated by CSM models discussed below. It is ∼ 70% of the energy available for nonrotating pulsational pair-instability supernova (PPISN) models suggested by Woosley (2017) , so in terms of radiation energetics this long-lived SN allows for several explanations.
One potential key feature to rule out a PPISN shell-shell interaction scenario is to search for signs of core collapse, such as evidence for central nucleosynthesis, which is not predicted in such a PPISN scenario.
Our latest spectrum shows a strong emission line of [S II] λλ4069, 4076 that is not always present in late-time nebular SN spectra. This line was detected in SN 1980K almost 15 yr past explosion (Fesen et al. 1999) , and the detection of [S II] λλ4069, 4076 emission but a lack of [S II] λλ6716, 6731 was there suggested to imply an electron density of n e > 10 5 cm −3 . We do the same exercise here and measure the ratio of flux of [S II] λλ4069, 4076 and that of [S II] λλ6716, 6731 to be ∼ 10, whereas the ratio of flux of [O I] λ5577 and that of [O I] λλ6300, 6364 is < 0.15.
In Fig. 11 we show the [S II] λλ4069, 4076 to [S II] λλ6716, 6731 ratio as a function of electron density for temperatures in the likely range 5000-20,000 K. The observed [S II] ratio of ∼ 10 constrains the density to be (1.0-6.3) ×10 5 cm −3 . At very high densities the corresponding auroral [O I] λ5577 line also becomes strong. We therefore plot the [O I] λ5577 to [O I] λλ6300, 6364 ratio in the same figure. The absence of this line is consistent with the above density range. Note that this refers to the electron density; if the ionisation fraction is low, as may be the case at these late epochs, the total density may be higher.
The emission-line analysis presented in Sect. 5 assumed Gaussian profiles. We did, following Andrews & Smith (2018) , decompose the nebular line profiles into two Gaussians, but also accounted for the doublet nature of the [O I] λλ6300, 6364 line.
This exercise clarified that all the relevant elements emit from the same locations, and also the typical velocity width of the lines suggests we are indeed probing the central ejecta properties (Table 4 and Fig. 10 ). Of course, Gaussian profiles may not be the correct representation of the emission profile from the gas. Such a decomposition did seem to make sense (for exam- Table 4. ple) for SN 1998S, which had an Hα emission-line profile at late epochs that resembles what we see in iPTF14hls (Pozzo et al. 2004 ). However, we cannot rule out that the emission is coming from a single component, a flat-topped profile that is skewed either because of (for example) electron scattering or dust within the ejecta. Whereas we can constrain the density in the region emitting [S II], it is not trivial to actually constrain the mass of ejected sulfur, or of other heavy elements, since the emissivity is also very sensitive to the temperature. While it is difficult to strictly conclude a high mass of sulfur in iPTF14hls, we nevertheless argue that the most likely origin of the strong [S II] emission is from nucleosynthesised material ejected in the core-collapse SN explosion, as was suggested for SN 1980K (Fesen et al. 1999 ). These lines were also predicted to be among the strongest optical lines of the nebular emission from the core of massive-star ejecta, originating mainly from the Si and S-rich zone (Fransson & Chevalier 1989; Jerkstrand et al. 2015) . Although this was powered by radioactive decay, a similar result is expected for powering by X-rays or UV radiation from circumstellar interaction or a magnetar, yet the relative line fluxes may change. Independent of the powering source, the high luminosity of these lines strongly indicates processed material from the core. This would then exclude a simple PPISN shell-shell scenario for which the core collapse is still to come. 
Circumstellar Interaction
The CSM scenario has been invoked for many SNe IIn. Although iPTF14hls showed early-time spectra similar to those of SNe IIP, in terms of the LC there are many similarities to SNe IIn. In particular, the slowly declining bolometric LC during the first ∼ 900 d, as well as the steep decline (Fig. 5) , somewhat resemble those of SN 2010jl (e.g., Fransson et al. 2014) . For SN 2010jl, the early bolometric LC had a luminosity slope with a PL index n = −0.54 (20-320 d) followed by a steeper decline of index −3.4 (320-1000 d). The first epoch is in accordance with simple CSM theory, whereas the latter slope could have been due to a decrease in the CSM density. For iPTF14hls the best-fit PL to the phase 600-900 d is −3.6, and after 950 d it steepens to −13.5.
While the late-time LC slope of iPTF14hls is thus much steeper than seen in SN 2010jl, it may not exclude the CSM scenario as we suggest it does for the accretion and magnetar models discussed above (unless one can abruptly shut off the central engine). CSM interaction can likely produce a large range of LC properties due to density variations related to the mass-loss history (e.g., Nyholm et al. 2017) or due to geometry (see e.g., van Marle et al. 2010, their fig. 18 ).
The main arguments for CSM interaction in SN 2010jl were perhaps in the X-ray detections and in the spectral evolution, where this supernova differs from iPTF14hls.
X-rays
At the luminosity distance of iPTF14hls, the upper limit reported in Sect. 3.2 corresponds to a luminosity limit of L X < 5.3×10 40 erg s −1 , at an epoch of ∼ 1194 rest-frame days since discovery. A long-lived CSM interacting SN like SN 2010jl had a detected X-ray luminosity of ∼ 5 × 10 40 erg s −1 at this phase (Chandra et al. 2015) , so iPTF14hls was not more X-ray luminous than that, and at least fainter than the most X-ray bright SNe IIn (see Dwarkadas 2014, his fig. 1 ). The X-ray to bolometric (optical) luminosity of iPTF14hls was thus 1.5, while • in this last LRIS spectrum. In our earlier LRIS spectrum, no unresolved lines were detected. The slightly different position angle of the latter slit, 261
• , explains why we do not pick up emission from the host galaxy, since the slit missed most of the galaxy at this angle. However, there is also no sign of narrow emission at the SN site at this phase, which is more puzzling. One arcsecond corresponds to 720 pc. Next to iPTF14hls an H II region can be discerned.
at the same epoch SN 2010jl had L X /L opt ≈ 1 (Chandra et al. 2015; Jencson et al. 2016 ). This may not exclude a CSM scenario, as pointed out by Andrews & Smith (2018) , but also does not support it. Note, however, that the X-ray limit for iPTF14hls discussed above was for a PL spectrum, as also discussed in A17. If we instead assume a thermal spectrum with a temperature of 20 keV, as observed for SN 2010jl Chandra et al. (2015) ; Ofek et al. (2014) , we get a limit lower of 1.0 × 10 −13 erg cm −2 s −1 which corresponds to a 5 times less tringent upper limit in luminosity (L X < 29 × 10 40 erg s −1 ).
Spectral evolution and narrow lines
Regarding the spectra, SN 2010jl showed a typical SN IIn spectral evolution dominated by narrow and intermediate-width
Balmer lines, while iPTF14hls shows no signs of such emission lines for hundreds of days. Andrews & Smith (2018) argued for CSM interaction in iPTF14hls based on the emergence of a narrow line in their nebular spectrum. They furthermore noted the clear difference in line profiles of Hα and O I between day 600 (A17) and their spectrum at 1153 d. We discussed the spectral evolution of iPTF14hls in Sect. 5, and here we note in particular that the spectacular changes in the line profiles are well correlated in time with the dramatic evolution in the late-time LC. The appearance of metal lines from the inner-core region is expected as the ejecta become transparent to electron scattering. The decreasing electron-scattering depth may be connected to the expansion of the ejecta as well as a decreasing state of ionisation. The very late-time spectra show asymmetric line profiles, perhaps not so different from what was seen in the Type IIn SN 1998S (Pozzo et al. 2004 , see their figs. 5 and 8). In SN 1998S, this asymmetry was interpreted as being caused by dust formation, whereas Smith et al. (2015, their fig. 10 ) discuss an asymmetric CSM disc.
The origin of the observed narrow Hα in iPTF14hls is somewhat unclear. Such narrow lines may be expected in the CSM scenario where unshocked, circumstellar material is ionised by the shock radiation and recombines. The absence of such lines (and X-ray emission) was a key argument to not invoke a CSM mechanism in A17.
With the emergence of box-shaped line profiles and a narrow Hα component, Andrews & Smith (2018) regarded the scenario with a previously hidden CSM scenario plausible. This conclu-sion was echoed by Milisavljevic & Margutti (2018) Fig. 12 . The HST image also revealed several bright H II regions in the host galaxy, including a prominent H II region seen only 0. 5 southwest of the SN. This may be the origin of the narrow emission lines seen in some of the spectra; see also Andrews & Smith (2018) .
In our earlier Keck/LRIS spectrum (+712 d), no unresolved lines were detected. The slightly different position angle of the latter slit explains why we do not pick up emission from the host galaxy. However, there is also no sign of narrow emission at the SN site at this phase, which is more puzzling. There is no narrow emission at this site in the Keck/HIRES spectrum from day 738, but it is present at 1081 days. We emphasise that even if the lines are narrow (unresolved), the apparent lines and line strengths are typical of an H II region. For powering scenarios when the input is from shock emission, like in the current case for SN 1987A, one would perhaps expect a richer, and also higher ionisation (narrow) emission-line spectrum (e.g., Gröningsson et al. 2008) , and the same is true for a late-time input from a magnetar model. Both of these models would also have been further supported by strong X-ray emission, which we do not see.
Conclusions
iPTF14hls was already a unique object in the study of A17, and it has continued to evolve and deliver surprises in the nebular phase. From being almost impossible to explain (A17), a later flood of papers offered a multitude of different interpretations.
For example, the comprehensive model review by Woosley (2018) runs through a large number of models for CSM interaction, PPISNe, and magnetars. Without detailed comparisons to actual observations, Woosley (2018) concludes that many models are versatile enough to produce a relatively luminous and long-lived LC for 600 d, although none of the many models accounts for all observed properties of iPTF14hls. Few of the numerous proposed models actually predicted the later observations presented here. In particular, the steep decline is difficult to explain either in the accretion model or in the magnetar model without some ad hoc mechanism, while similar drops have been observed for objects undergoing circumstellar interaction. This paper has thus provided a new suite of observations against which to test these models. In particular, the late-time steep decline of the optical LC, the lack of very strong X-ray emission, and the emergence of intermediate-width emission lines (including those from [S II]) that very likely originate from processed material in the core of the SN ejecta, are key observational tests that not all of the above-mentioned models pass. We hope our results will trigger a new effort of modeling iPTF14hls. .0 keV range. The flux limits further assume a power-law spectrum with photon index of Γ = 2 and a Galactic hydrogen column density of 1.4 × 10 20 cm −2 .
a Rest-frame days from discovery. 
